INTRODUCTION
A number of studies have been carried out using artificial diets composed of microalgae and sediments to determine feeding adaptations of bivalve filter feeders inhabiting high-turbidity environments (Kiør-boe et al. 1980 , Kiørboe & Møhlenberg 1981 , Bayne et al. 1987 , Hawkins et al. 1990 , Iglesias et al. 1992 , Riisgård et al. 1996 , Bacon et al. 1998 . Measurements have also been made in situ, using natural seston (Widdows et al. 1979 , Hawkins et al. 1996 , Navarro & Thompson 1996 , Urrutia et al. 1996 , Cranford et al. 1998 . Results suggest that bivalves respond differently when tested under laboratory and field conditions, as, for example, observed by Urrutia et al. (1996) when working with Cerastoderma edule. These differences may be due to variability in the composition of the food offered or to the different acclimation periods of the specimens to the food. Natural seston contains a greater diversity of components than artificially prepared seston, and its concentration ABSTRACT: In response to uncertainties about whether laboratory feeding rate measurements of bivalves reflect those occurring in situ, this study compares bivalve feeding rates experimentally determined both in the laboratory and in situ for a mussel (Mytilus chilensis) and a clam (Mulinia edulis), species exposed to a wide range of seston concentrations. Artificially prepared seston was administered in the laboratory using a mixture of Isochrysis galbana and sediment at concentrations ranging from 2 to 200 mg l -1
. Field measurements were carried out at Yaldad Bay, southern Chile, during 2 tidal cycles in March and April 1999 with naturally occurring seston ranging from 3 to 665 mg l -1
. We found that: (1) Clearance rate (CR) and selection efficiency (SE) were similar in laboratory and in situ conditions, but the rates of filtration (FR), ingestion (IR) and absorption (AR), and absorption efficiency (AE) were significantly higher in the laboratory than in the field. This was attributable to the greater retention efficiency and digestibility of I. galbana compared to the naturally occurring microalgae in the seston, and also to the greater acclimation time of specimens to the laboratory diet. (2) The responses to the changes in seston concentration (TPM) were similar under both conditions and validated previous results; CR decreased exponentially with increasing TPM while the FR, IR and AR increased. At high seston concentrations (200 mg l -1 in the laboratory and 665 mg l -1 in situ), almost all the feeding rates decreased, showing an impairment of food processing under these conditions. (3) The resuspended sediment in the intertidal zone of Yaldad Bay, especially under the influence of southerly winds and near the lowest tidal level, is an important food source for M. edulis and M. chilensis populations, allowing continued growth during the winter season when primary productivity is very low.
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Resale or republication not permitted without written consent of the publisher and quality may vary over short periods of time (Hawkins et al. 1996 , Urrutia et al. 1996 , Cranford et al. 1998 ) impeding acclimation as done in the laboratory. Although it has been argued that feeding rates measured in the laboratory may not reflect those in situ (Riisgård 2001) , attempts to intercalibrate both types of studies have not been made.
The infaunal clam Mulinia edulis King 1831 and the epifaunal mussel Mytilus chilensis Hupe 1854 are 2 commercially important filter-feeding bivalves that live on intertidal flats in southern Chile where wide fluctuations in seston concentration are typical (Rojas 1984 . In spite of the low winter primary productivity, these species demonstrate high growth rates throughout the year (Clasing et al. 1998 ). Laboratory studies have suggested 'physiological plasticity' which allows the organisms to maintain a positive scope for growth when feeding on resuspended sediment . In order to accept this hypothesis it is necessary to determine whether the feeding responses measured in the laboratory agree with those determined in situ.
The present study measured the principal physiological parameters related to the feeding of these species under a wide spectrum of seston concentrations in order to compare laboratory and field feeding-response measurements, and to validate previous results obtained in the laboratory with Mulinia edulis and Mytilus chilensis. In the laboratory, the bivalves were offered constant concentrations of an artificially prepared 'seston', while in the field, they were exposed to fluctuating amounts of natural seston.
MATERIALS AND METHODS
Collection of test organisms. Thirty adult specimens of Mulinia edulis (length 50.22 ± 0.67 mm; dry weight 1.36 ± 0.36 g) and Mytilus chilensis (length 50.72 ± 0.67 mm; dry weight 1.04 ± 0.36 g) were obtained from natural populations on the tidal flat of Yaldad Bay (43°06' S, 73°44' W), Chiloé, Chile (Fig. 1) . This bay is characterized by an extensive tidal flat with a 5% slope, and has an area of about 1 km 2 at low tide and a tidal amplitude of about 5 m (Clasing et al. 1998) . The salinity range is about 24 to 31 ppt, the temperature is between 9 and 16°C, and the average monthly seston concentrations are about 3.7 mg l -1 (end of summer, winter) and 48 mg l -1 (end of spring, beginning of summer; Navarro et al. 1993 ).
Experimental design.
Feeding rate parameters were measured in 8 bivalves of each species (chosen haphazardly), using 16 artificial seston concentrations of between 3 and 203 mg l -1 in the laboratory, and 8 natural seston concentrations from 3 to 665 mg l -1 in situ on the Yaldad tidal flat. Water temperature (14°C) and salinity (32 ppt) were similar in both laboratory and in situ experiments. The experimental diets were administered using a flow-through system consisting of 18 chambers, designed following Riisgård (1977) . A constant flow (150 ± 10 ml min -1 ) of the experimental diet (natural or artificial) was directed by gravity from a mixing tank into each chamber; 16 chambers were used for individual bivalves (8 individuals of each species) and 2 chambers contained empty valves which served as controls. Valve opening by test specimens was continually observed and individuals which failed to open normally were eliminated from the experiment.
For the laboratory experiments, the bivalves were transported wet to the laboratory located on the bay, where they were acclimated for experimentation in a flow-through seawater system at 14°C and 30 ppt salinity for 1 wk. The seawater was dosed with laboratory cultured Isochrysis galbana as food, at a concentration which was below the threshold of pseudofeces production (between 2 and 2.5 mg l -1 , . Artificial diets were prepared by mixing cultivated microalgae (I. galbana) and natural sediment collected from the top cm of surface sediment on the Yaldad tidal flat. As a preparative step, the sediment was screened through a 40 mm aperture nylon screen and homogenized in filtered seawater. The microalgae used to prepare the diets had spherical diameters between 3 and 7 mm. The sediment particles (13 to 15% organic matter) measured between 3 and 13 mm, as determined by an ELZONE 180 XY particle counter using a 120 mm aperture tube. Artificial diets with different concentrations and compositions were prepared by mixing appropriate volumes of microalgae suspensions, sediment and filtered seawater. Each experiment lasted 5 h, with the first 2 h used for acclimation of the organisms to the diet and the following 3 h for physiological measurements. The diet acclimation time was taken as the period required for the ingested particles to be eliminated as feces, thus assuring that the digestive tract contained the experimental diet which had been administered .
The in situ experiments were carried out at the end of summer 1999 on the tidal flat of Yaldad Bay over 2 tidal cycles, one on 27 March and the other on 4 April. Bivalve specimens obtained from natural populations were placed directly into the same 18 chamber flowthrough system cited above, which had been mounted on a mussel-culture raft. The experimental diet used was pumped from 8 cm above the bottom and filtered through a 150 mm screen prior to reaching the experimental individuals.
Characterization of seston. The seston content of each experimental diet was analyzed in terms of total particulate matter (TPM) and particulate organic matter (POM). Water was sampled from the outflow of both control chambers every half hour in situ and every hour in the laboratory. Each sample was divided into 3 subsamples which were filtered onto tared Millipore glass fiber filters (ø = 0.45 mm) which had been prewashed in distilled water and pre-ashed at 450°C for 4 h. Filters with samples were rinsed with isotonic ammonium formate to remove salt and prevent cell lysis, and were dried at 70°C for 48 h to determine the TPM (mg l -1 ). POM (mg l -1 ) was determined as the loss in weight of the samples after ashing at 450°C for 4 h.
Physiological determinations. Physiological variables were determined with the biodeposition method described by Iglesias et al. (1998) and validated by , using the 'flow-through chamber method' described by Riisgård (2001) . Feces and pseudofeces were quantitatively collected every 2 h using Pasteur pipettes. The mass and organic content of the material deposited by each test bivalve were estimated separately using the method described above for the seston. When the quantity of sedimented food material on the bottom of the chambers made the separation of pseudofeces impossible, both sedimented food particles and pseudofeces were collected from the chambers. The mass and organic content of pseudofeces were determined by subtraction of the material collected in the control chambers from that of each of the experimental chambers. In situ feeding rates were determined by quantifying fecal production per unit time in relation to the seston content of the water 2 h prior to the determination, since this is the time period required for unabsorbed matter to be passed through the digestive tracts of the bivalves ). The equations for the physiological variables were the same as those used by Iglesias et al. (1998) .
Clearance rate (CR): is the volume of water completely cleared of particles per unit time.
where IFR is the inorganic filtration rate (mg l -1
) and PIM is the particulate inorganic matter (mg l -1 ). Filtration rate (FR): represents the amount of particulate material removed from the water per unit time.
where IRR is the production rate of pseudofeces inorganic matter (mg h -1 ), IER is the production rate of feces inorganic matter (mg h -1 ), OFR is the organic filtration rate and FR is the total filtration rate.
Efficiency of preingestive selection (SE):
The efficiency with which particles with higher organic content were retained for ingestion was calculated after Bayne et al. (1993) as:
where %OR is the percentage of organic matter in pseudofeces and %POM is the percentage of particulate organic matter in ambient water. Ingestion rate: When no pseudofeces are produced, the total filtration and organic matter filtration rates are represented, respectively, by the total ingestion (IR) and organic ingestion rates (OIR). When pseudofeces are produced, the IR is calculated by subtraction of the pseudofeces production rate from the FR (Bayne et al. 1993) :
where RR is the production rate of total pseudofeces (mg h -1
) and ORR is the production rate of pseudofeces organic matter (mg h -1 ). Absorption efficiency (AE) and rate (AR): represent material ingested and absorbed per unit time.
where OER is the production rate of feces organic matter (mg h -1
).
Standardization of variables.
The physiological rates were converted to a 'standard' individual of 1 g tissue weight after Bayne et al. (1987) . Soft tissues were dried at 70°C for 48 h and then individually weighed. Standardization employed the equation described by Bayne et al. (1987) :
where Y s is the CR for an individual of standard weight, W s is the standard organism weight, W e is the observed organism weight, Y e is the uncorrected measured CR and b is the weight exponent. The weight exponents for CR were 0.5 and 0.61 for Mulinia edulis and Mytilus chilensis, respectively . Statistical analyses. Simple linear and nonlinear regressions were carried out to examine the dependence of each of the physiological variables on TPM and 'best models' were selected on the basis of the major determination coefficient (r 2 ). Analysis of covariance (AN-COVA) was also applied to detect differences between laboratory and in situ physiological rates, transformed in order to comply with the assumptions of normality and homocedasticity (log 10 transformation was applied to CR, FR, IR and AR, and arcsine transformation to SE and AE data). Finally, a 1-way ANOVA was carried out to reveal any differences between the organic fraction of the food (%MOP) and that of the pseudofeces produced by Mulinia edulis and Mytilus chilensis (%OR). Statistical calculations were carried out using the general linear model procedure (GLM) of the SAS 6.1 program (SAS Institute). An α = 0.05 was used for making all decisions concerning level of significance.
RESULTS

Natural seston
Concentrations of naturally occurring seston varied between 2.53 and 665 mg l -1 during the experiments at Yaldad Bay (Fig. 2A) . The highest concentrations were found after the tide reached its lowest point, with concentrations higher than 100 mg l -1 occurring in the presence of southerly winds.
Seston organic content varied between 21 and 31%; the highest values coincided with the lowest total seston concentrations (2.86 mg l ). A significant negative correlation was observed between these 2 parameters (Fig. 2B) , similar to the results obtained in the laboratory experiments (Fig. 2B ). . In both cases this rate decreased exponentially with an increase in TPM in ambient water (Fig. 3A) . The regression equations which best described the trends in CR are given in Table 1 . The ANCOVA showed that the CR values obtained in the laboratory for both species were not significantly different from those determined in the field (Table 2) .
Filtration rate
The mean FR of Mulinia edulis varied between 2.8 and 127.3 mg h -1 in the laboratory and between 3.6 and 106.3 mg h -1 in the field. That of Mytilus chilensis was between 7.6 and 201.2 mg h -1 in the laboratory and 9.8 and 75.3 mg h -1 in the field. This rate increased in both species with an increase in TPM, both in the laboratory and in the field, although the rate decreased at the highest concentrations (Fig. 3B, Table 1 ). The ANCOVA showed that the FRs determined in the laboratory were statistically higher than those obtained in the field for both species (Table 2) . 
. Mulinia edulis and Mytilus chilensis. Relation between the seston concentration (TPM) and (A) clearance rate (CR), (B) filtration rate (FR) and (C) selection efficiency (SE) in the laboratory and in situ
Selection efficiency
The SE of Mulinia edulis varied between 3.7 and 39.3% in the laboratory and between 28 and 36% in the field. In Mytilus chilensis, this variable was between 17 and 44% in the laboratory, and 15 and 51% in the field. Fig. 3C shows that there was no relation between the SE and TPM for either species. The AN-COVA showed no significant differences in SE between conditions (Table 2) .
Particles emitted as pseudofeces by both species had an organic content that was significantly less than that of the food particles (p = 0.001; Fig. 4 ) in both laboratory and field measurements.
Ingestion rate
The IR measured in the laboratory varied between 2.8 and 20.1 mg h -1 for Mulinia edulis and between 3.7 and 15.4 mg h -1 for Mytilus chilensis. In the field, this rate was between 1.8 and 7.2 mg h -1 for M. edulis, while it varied between 1.8 and 9.3 mg h -1 for M. chilensis. The total material ingested by both species increased with an increase in TPM, but decreased at high TPM, adjusting to polynomial relationships (Fig. 5A, Table 1 ). The ANCOVA showed that the IR measured in the laboratory was greater than that measured in the field for both species (Table 2) .
Absorption efficiency and rate AE values in the field varied between 22 and 67% for Mulinia edulis and between 39 and 96% for Mytilus chilensis. In the laboratory, the AE of M. edulis varied between 3 and 92% and that of M. chilensis between 14 and 90%. The AE increased with TPM, but in M. chilensis it decreased at high seston concentration (Fig. 5B, Table 1) . The values obtained for both species in the field were significantly lower than those measured in the laboratory (Table 2) .
Mulinia edulis showed AR values between 0.05 and 9.13 mg h -1 in the laboratory, and 0.42 and 3.98 mg h -1 in Table 2 . Mulinia edulis and Mytilus chilensis. ANCOVA for physiological variables (GLM procedure; model: physiological variable = condition TPM). p > |T| H 0 : probability of getting a larger |T| value under the hypothesis (a very small value for this probability leads to the conclusion that the independent variable contributes significantly to the model.). LS mean: least-square mean. For other abbreviations see Table 1 Vari (Fig. 5C ). Values for Mytilus chilensis were between 0.15 and 10.72 mg h -1 in the laboratory and between 0.25 and 7.69 mg h -1 in the field. The AR of both species increased with TPM and decreased at high TPM, except that of M. edulis in the laboratory (Table 1) . The in situ AR estimated for both species were significantly lower than those measured in the laboratory (Table 2) .
DISCUSSION
Three important points emerged in this study: (1) with the exception of the CR and SE, the physiological rates (FR, IR, AE and AR) measured in the field were lower than those in the laboratory under similar conditions; (2) in both field and laboratory, the relation between physiological rates and variations in seston concentration were similar for the 2 species, although the TPM threshold at which decreases occurred was lower in the laboratory; and (3) the highest values of TPM and lowest values of %POM were observed in the presence of southerly winds over Yaldad Bay and prior to the occurrence of the lowest tide level, due to resuspension of fine sediment from the bottom.
Although the CR measured in laboratory and field were similar, FR and IR were higher when measured in the laboratory, suggesting that there were fewer particles in the natural seston that the bivalves were capable of efficiently retaining. According to Vahl (1973) , retention efficiency is less than 100% when the particles are smaller than 2 µm. Factors including form, hardness, particle type and species of microalgae (planktonic or benthic) also affect the retention efficiency of particles (Shumway et al. 1985 , Bougrier et al. 1997 . Since diets administered in the field and the laboratory had similar TPM and %POM (Fig. 2B) , differing only in the types of microalgae present (Isochrysis galbana in the laboratory and a variety of species in the field), the similarity of the SE values obtained under both conditions suggests that the preingestive processing of particles was more affected by their organic matter content than by the types of phytoplankton present in the seston. The higher values of AE obtained in the laboratory suggest that I. galbana contained more digestible components than those found in the natural environment and/or that the enzymatic systems of both species became adapted to the diets administered in the laboratory during the acclimation period (>1 wk), resulting in better digestion. Labarta et al. (2002) showed that the digestive enzyme activity of Mulinia edulis and Mytilus chilensis from the intertidal zone increased after a 7 d period of acclimation to relatively constant dietary conditions, when the bivalves were maintained suspended beneath culture rafts.
In summary, the lower values of FR, IR and AR measured in situ suggest the occurrence of microalgae in natural seston that were not retained with 100% efficiency. The greater AE and AR values obtained in the field indicate that Isochrysis galbana is more digestible than microalgae in natural seston and/or that the digestive enzymes in bivalves maintained in the laboratory had a greater activity as a result of the relatively long period of acclimation to the diet.
The relations between the feeding responses of Mulinia edulis and Mytilus chilensis in the field and laboratory and the TPM were similar. This is in agreement with results obtained in previous studies with the same species and with others (Iglesias et al. 1992 , Bayne et al. 1993 , Hawkins et al. 1996 , Barillé et al. 1997 . Mulinia edulis and Mytilus chilensis. Organic content of seston (POM) and pseudofeces produced in (A) the field and (B) the laboratory Bacon et al. 1998 ), but disagrees with those of Urrutia et al. (1996) , who reported an increase in CR in Cerastoderma edule with rising natural TPM. The TPM threshold at which the physiological rates decreased was lower in the laboratory (approx. 200 mg l ). This is explained by the higher rates of food processing in the laboratory, which caused saturation of the digestive tract at low TPM concentrations. This hypothesis also explains the lack of decrease in the AR of M. edulis at high TPM in the laboratory. The low feeding rate of M. edulis prevents saturation of its digestive system at 200 mg l -1 TPM and the AR remains relatively constant, in contrast to M. chilensis under the same conditions. The present results suggest that, in studies designed to approach true values for feeding rates in bivalves, it is most appropriate to make the measurements using natural seston present in the organism's habitat. For studies in which the objective is the determination of variations in physiological responses to specific factors, laboratory studies under controlled conditions may be more appropriate for various reasons, including: (1) extraneous variables can be controlled or prevented from interfering with results, and (2) laboratory results may be similar to those obtained in the field as long as the methods are correctly applied and identical among treatments. Values may be obtained with more precision if retention efficiencies and particle absorption values from field mea- In the absence of wind, the seston concentrations on the Yaldad Bay tidal flat were relatively low and constant (e.g. 3.7 to 48 mg l -1 ), as previously reported by Widdows et al. (1979) , Anderson & Meyer (1986) and Navarro et al. (1993) . Under the influence of strong southerly winds, the seston concentrations at Yaldad became quite high and variable (55 to 665 mg l -1 ), placing them among the highest values recorded, which include, for example, values of 130 mg l -1 (Rio Queule, Chile; Rojas 1984), 500 mg l -1 (Humber Estuary, England; Falconer & Owens 1990) , and 95 and 350 mg l -1 (Marennes Bay, Oléron, France; Urrutia et al. 1996) . Although wind events do not normally last longer than 6 h, these events may be frequent in this area, producing short-term (h) fluctuations in seston concentrations which greatly exceed typical mean variations when measured over month-long periods . The inverse correlation between seston concentration and its quality, and the coincidence of southerly winds with the higher concentrations on the Yaldad tidal flat, show that the broad fluctuations in seston concentrations are due to the resuspension of sediments from the bottom. Sediment contains a larger fraction of inorganic material (average 87%), and when it is resuspended, the organic fraction assumes a smaller percentage value of the total. Seston concentrations were highest after the lowest point of the tide, contrasting with most previous studies of natural seston in which the highest concentrations were observed in a rising tide (Fegley et al. 1992 , Stenton-Dozey & Brown 1992 , Urrutia et al. 1996 . Our results are confirmed, however, by other studies made at the same site, suggesting that the observation is the result of local, site-specific low-tide currents ).
In conclusion, bivalves in the unique intertidal flat environments of southern Chile are confronted with the highly stressful trophic conditions in which potential food materials may become highly diluted by large quantities of inorganic particles mixed into the water by the effect of strong (southerly) winds acting on long stretches of shoal water over broad expanses of tidal flat at low tide. Our results suggest that local clams and mussels (Mulinia edulis and Mytilus chilensis) have adapted to deal with this stress by evolving mechanisms that allow them to obtain energy from the highly diluted particulate organic matter, even through winter seasons of low primary productivity.
